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The Ondor Sum Group in the central Inner Mongolia is mainly composed of meta-basic volcanics intercalated with ferruginous 
quartzite and quartz schist, and has been interpreted as slices of oceanic crust or an ophiolite suite of the Early Paleozoic or much 
older ages. This paper presents new LA-ICP-MS zircon U-Pb dating and geochemical data for the meta-basic volcanics. The re-
sults show that zircons in the meta-basic volcanics were derived from complicated sources, most of which may be captured by 
basic magma from the country rocks or other sources. They yield a large age range from the Late Archean to Early Mesozoic with 
the youngest age group between 246 and 261 Ma, constraining the protolith of the meta-basic volcanics formed in the Late Per-
mian to Early Triassic. The meta-basic volcanics have an affinity to E-MORB in geochemistry, and also a similarity toward OIB, 
representing a tectonic setting of limited intra-continental ocean basin. This limited basin might have been related to the continu-
ous extension of the area since the Early Permian and finally closed in the Early Mesozoic. 
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Numerous studies show that the Solonker-Linxi suture zone 
recorded the termination of convergence of Paleo-Asian 
Ocean between the Siberia Craton and the North China 
Craton. But it remains controversial whether the final clo-
sure occurred in the Devonian [1–5] or the Late Permian to 
Early Mesozoic [6–14]. The Ondor Sum Group in the cen-
tral Inner Mongolia has been regarded as slices of subduct-
ed oceanic crust for it is comprised of a large amount of 
meta-basic volcanics with intercalations of blueschist and 
ferruginous quartzite. Several scholars established an Early 
Paleozoic trench-arc-basin system in the central Inner 
Mongolia combined with the Ordovician island arc, volcan-
ic series in Bainaimiao Group and the Silurian sediments in 
the Xuniwusu Formation (back-arc basin) [1,2,5,15]. Others 
believed that the Ondor Sum Group might be a Neoprote-
rozoic block that was integrated in the Early Paleozoic sub-
duction mélange belt [16,17]. However, based on the zircon 
U-Pb dating and geochemical data for the meta-basic vol-
canics, this paper presents a new interpretation of the age 
and tectonic setting of the Ondor Sum Group, which is of a 
great significance to reveal the tectonic framework and 
evolution of the Central Asian Orogen.  
1  Geological background and sample descrip-
tions 
The Ondor Sum Group in the central Inner Mongolia (Fig-
ure 1(a)) is distributed about 3000 km2, and can be divided 
into southern and northern zones. The southern zone lies in 
the Ondor Sum and Tulinkai area, to the south of which 
exits the Bainaimiao arc complex. The northern zone is lo-
cated along the Manghete, Erdaojing and Honger (Figure 
1(b)), to the north of which is distributed the Baolidao arc- 
accretionary complex. Thus, Xiao et al. [8] divided them 
into the Ondor Sum subduction-accretion complex in the  
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Figure 1  Geological sketch map of central Inner Mongolia showing the distribution of the Ondor Sum Group. (a) Tectonic position of the study area; (b) 
distribution of the Ondor Sum Group; (c) geological sketch map of the southern zone and sample locations. ① Southern Mongolian active continental mar-
gin; ② Hegenshan ophiolite-arc-accretion complex; ③ Baolidao arc-accretion complex; ④ Erdaojing accretion complex; ⑤ Ondor Sum subduction- 
accretion complex; ⑥ Bainaimiao arc complex. 
south and the Erdaojing accretion complex in the north, 
while Xu et al. [5] nominated them, respectively, as the 
Southern and Northern opposite subduction-orogenic belts. 
On the distribution area of the Ondor Sum Group are dis-
tributed the Late Silurian-Early Devonian Xibiehe For-
mation, the Devonian Seribayanaobao Formation, the Car-
boniferous Benbatu and Amushan Formations, the Permian 
Zhesi Formation and the Xilin Gol complex. The Mesozoic 
volcano-sedimentary sequences overlie unconformably up-
on the Paleozoic or older litho-units. Intrusive rocks include 
the Paleozoic granitic rocks in the Baolidao arc complex [7], 
Triassic granites [18], Paleozoic amphibolite and plagio-
granites.  
The Southern zone of Ondor Sum Group is divided into 
two formations. The lower Sangdalaiyin Formation is 
mainly composed of meta-basalt and meta-gabbro, interca-
lated locally with ferruginous quartzite, carbonate and ser-
pentinite. The upper Haerhada Formation mainly includes 
fine-grained quartzite, chlorite-sericite-quartz schist, ferru-
ginous quartzite and bedded iron ores. In the early 1980’s, 
blueschist was reported in the Sangdalaiyin Formation [23]. 
All the samples in this study were collected from the Sang-
dalaiyin Formation (Figure 1(c)). Samples WD03-1/2 are 
meta- pillow basalts that are less foliated (Figure 2(a)) and 
show blastoporphyritic texture with augite pseudomorphs 
consisting of actinolite, epidote, chlorite, carbonate and a 
minor amount of glaucophane. The matrix is mainly com-
posed of tabular-prismatic plagioclase grains with intersti-
tial chlorite, actinolite and epidote. A few rounded aggre-
gates of carbonate and quartz are present, being original 
amygdaloids. Samples WD04-2 and WD05-1/2/3 are 
strongly foliated meta-basalt or chlorite-actinolite phyllite 
that shows phyllitic structure and lepido-granoblastic tex-
ture, and is composed of albite, epidote, actinolite, and a 
few stilpnomelanes. Albite and epidote commonly occur as 
lenticular aggregates oriented along the foliation (Figure 
2(b)).  
2  Geochemistry 
Major and trace elements of the samples in this study were 
analyzed by X-ray Fluorescence (XRF) and ICP-MS in la-
boratory of Tianjin Institute of Geology and Mineral Re-
sources and are presented in Table 1. After ignition loss 
correction, the rocks show SiO2=49.02%–52.62%, and are 
relatively rich-in TiO2 and poor-in K2O with TiO2=1.27%– 
1.96%, Na2O/K2O＝ 6.89–454.25 and Mg#＝ 0.44–0.60. 
They are plotted in the subalkaline and alkaline basalt fields 
in Zr/TiO2×10
-4-Nb/Y diagram [24] (Figure 3(a)) and show 
the characteristics of MORB with a trend towards to OIB in 
FeO/MgO-TiO2 diagram [25] (Figure 3(b)). 
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Figure 2  Pillow structure (a) and micro-fabric (b) of meta-basic volcanics in the Ondor Sum Group. Ab, Albite; Chl, chlorite; Ep, epidote; Cc, calcite. 
Table 1  Major (%) and trace element (ppm) data of meta-basic volcanics in the Ondor Sum Group 
Sample No. WD03-1 WD03-2 WD04-2 WD05-1 WD05-2 WD05-3 
SiO2 41.91 38.04 44.04 48.07 46.24 47.86 
TiO2 1.27 1.73 1.60 1.96 1.85 1.68 
Al2O3 14.97 13.97 13.95 14.32 14.64 13.74 
Fe2O3 3.84 1.40 2.02 5.61 6.22 6.77 
FeO 5.18 6.73 6.58 8.82 8.62 7.40 
MnO 0.14 0.13 0.32 0.19 0.20 0.19 
MgO 6.05 5.25 7.00 6.60 6.39 6.33 
CaO 11.19 13.45 9.16 6.06 7.49 9.23 
Na2O 4.20 3.26 3.63 3.27 2.99 2.49 
K2O 0.02 0.473 0.01 0.03 0.03 0.03 
P2O5 0.16 0.28 0.24 0.17 0.15 0.17 
LOI (CO2)  4.65 6.88 3.82 0.13 0.37 0.12 
LOI 10.51 14.53 10.71 3.94 4.23 3.30 
Total 99.42 99.25 99.27 99.02 99.04 99.19 
Pb 0.95 1.74 7.41 1.60 1.56 1.55 
Cr 454 191 439 42.2 93.4 80.4 
Ni 262 136 190 37.8 40.3 35.0 
Co 55.7 46.5 45.1 47.5 40.0 38.0 
Rb 2.03 9.36 0.72 0.85 1.28 1.38 
Sr 149 182 123 150 181 284 
Ba 22.4 33.6 13.1 18.9 16.1 16.2 
Nb 8.23 17.6 18.7 6.21 5.53 6.14 
Ta 0.54 1.18 1.22 0.42 0.36 0.40 
Zr 86.4 133 110 117 102 114 
Hf 2.54 3.69 3.14 3.66 3.25 3.61 
Ga 13.0 13.0 14.7 20.3 20.4 20.0 
U 1.47 1.25 1.87 0.68 0.42 0.34 
Th 0.69 1.57 1.48 0.46 0.38 0.46 
La 8.48 13.5 12.5 6.23 5.45 6.37 
Ce 17.7 27.6 25.7 15.9 13.9 16.2 
Pr 2.76 4.50 3.84 2.86 2.55 2.95 
Nd 11.8 19.0 16.0 13.9 12.5 14.3 
Sm 2.91 4.29 3.83 4.23 3.81 4.31 
Eu 1.08 1.51 1.40 1.56 1.48 1.56 
Gd 3.11 4.40 4.15 5.03 4.61 5.15 
Tb 0.57 0.69 0.70 0.97 0.89 0.98 
Dy 3.76 4.12 4.32 6.53 5.98 6.62 
Ho 0.77 0.80 0.83 1.34 1.22 1.36 
Er 2.25 2.26 2.34 3.95 3.58 3.95 
Tm 0.38 0.36 0.37 0.67 0.60 0.67 
Yb 2.69 2.59 2.60 4.80 4.31 4.76 
Lu 0.40 0.38 0.38 0.72 0.64 0.70 
Y 18.0 20.0 20.7 33.7 31.1 35.0 
∑REE 58.66 86.00 78.96 68.69 61.52 69.88 
LREE/HREE 3.21 4.51 4.03 1.86 1.82 1.89 
δEu 1.09 1.05 1.07 1.03 1.08 1.01 
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The primitive mantle (PM)-normalized spider diagram 
(Figure 4(a)) shows that all the samples have higher trace 
element contents than the primitive mantle. The element 
distribution patterns mostly exhibit nearly flat but some are 
right-dipping with a gentle enrichment in light rare earth 
elements (LREE). A few samples are strongly depleted in 
large ion lithophile elements (LILE), especially Rb and K, 
probably related to the metamorphism and alteration that the 
rocks have experienced. However, the high field strength 
elements (HFSE) and rare earth elements (REE) may reflect 
the protolith geochemical characteristics. The total abun-
dances of REE in the samples are 58.66–86.00 ppm, with 
LREE/HREE = 1.82–4.51 and without obvious Eu anomaly. 
The characteristics of HFSE and REE are similar to 
E-MORB with an evolution trend toward OIB. The samples 
are plotted in the fields of within-plate basalt and MORB in 
Hf-Th-Nb/16 diagram [27] (Figure 4(b)) and Ti/100-Zr-Y*3 
diagram [28] (Figure 4(c)).  
3  LA-ICP-MS zircon U-Pb dating 
Four samples were elected for LA-ICP-MS zircon U-Pb 
dating. Similar to making the SHRIMP dating sample, rep-
resentative zircons were mounted in an epoxy resin disc, 
and then polished and coated with gold film. The zircon 
Cathodoluminesence (CL) imaging was performed in Bei-
jing Navigation technology Ltd. The sample mounts were 
used later for LA-ICP-MS U-Pb isotope analyses at the 
State Key Laboratory of Geological Processes and Mineral 
Resources, China University of Geosciences (Beijing). 
207Pb/206Pb and 206Pb/238U ratios were calculated using the 
GLITTER 4.4 program, and then corrected using the Har-
vard zircon 91500 as external standard. Correction for the 
common Pb contribution was made using the measured 
204Pb amount [30]. The weighted average data of the zircon 
age and Concordia plots were made using ISOPLOT 3.23 
programme [31]. 
Two groups of zircons can be identified from the CL 
images in Figure 5: Group 1 is the euhedral to subhedral 
short or long prisms that display closely-spaced concentric 
oscillatory zoning, and Group 2 is the rounded grains with- 
out the clear oscillatory zoning. The zircon U-Pb dating 
results are plotted in Figure 6. 
In sample WD03-1, 28 zircon grains were analyzed and 
27 of them yield concordant ages in Figure 6(a),(b). These 
results are dispersive between 237 and 2611Ma, the young-
est age group being 237–263 Ma with Th/U ratios ranging  
 
 
Figure 3  Zr/TiO2×10−4-Nb/Y (a) and FeO/MgO-TiO2 (b) diagrams of meta-basic volcanics in the Ondor Sum Group. The grey triangles represent the 
data cited from [26]. IAT, Island-arc tholeiite; OIB, ocean-island basalt; MORB, mid-ocean ridge basalt. 
 
Figure 4  Trace element diagrams of meta-basic volcanics in the Ondor Sum Group. (a) The primitive mantle (PM)-normalized spider diagram where the 
element contents of primitive mantle, OIB, E-MORB and N-MORB are cited from [29]; (b) Hf-Th-Nb/16 diagram; (c) Ti/100-Zr-Y*3 diagram; E/N-MORB: 
E/N type mid-ocean ridge basalt; CAB, calc-alkali basalt; WPT, within-plate tholeiite; WPA, within-plate alkali basalt; WPB, within-plate basalt. 
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Figure 5  Cathodoluminescence images of zircons from meta-basic volcanics in the Ondor Sum Group. 
from 0.26 to 0.96. 
The 40 zircon grains were analyzed in sample WD04-2 
and 39 grains yield concordant ages ranging from 253 to 
2734 Ma (Figure 6(a),(d)). A cluster involving 25 zircon 
analyses yields an apparent age peak between 440 and 494 
Ma with Th/U ratios from 0.29 to 0.89. There are 4 analyses 
which give younger 206Pb/238U ages from 253 to 306 Ma, 
with Th/U ratios between 0.72 and 0.87. 
In sample WD05-1, 25 zircon grains were analyzed and 
22 grains give concordant ages ranging from 245 to 2599 
Ma (Figure 6(e),(f)). A cluster involving 11 zircon analyses 
yields ages from 245 to 299 Ma, with Th/U ratios between 
0.49 and 0.81. 
The 24 zircon grains were analyzed in sample WD05-3 
and 21 grains yield concordant ages (Figure 6(g),(h)), which 
are grouped into two clusters: 1639–2599 Ma and 238–257 
Ma. The younger cluster involves 12 analyses with a 
weighted mean age of 246±3 Ma (MSWD=1.9) and Th/U 
ratios from 0.21 to 0.70.  
4  Discussion and conclusion 
It has been a controversial issue for the formation age of the 
Ondor Sum Group. Using whole-rock Sm-Nd and Rb-Sr 
isochrons, Xu et al. [16] and Zhang and Wu [17] proposed 
that the Ondor Sum Group was formed in the Neoprotero-
zoic and later integrated into the Early Paleozoic subduction 
mélange belt. However, these age results are found to be 
unreliable because reprocessing the original data using 
ISOPLOT only gives pseudo-isochrons. Many scholars be-
lieved that the Ondor Sum Group represent slices of Ear-
ly-Paleozoic Oceanic crust and had experienced a blueschist 
facies metamorphism [3–5,8,15–17,32]. This idea was sup-
ported by a few 40Ar/39Ar plateau age dating results, which, 
for instance, are 446±15 Ma for glaucophane from 
blueschist [33] and 453.2±1.8 Ma and 449.4±1.8 Ma for 
phengite from quartzite mylonites [32] in the southern zone 
of the Ondor Sum group, and 383 Ma for glaucophane from 
blueschist in the northern zone of the Ondor Sum group [4]. 
It was noted that Chen et al. [19] dated the same blueschist 
in the northern zone using zircon U-Pb method and the re-
sults suggest that the protolith of the blueschist should be 
younger than 280–318 Ma, completely different from the 
Ar-Ar ages. Therefore, it requires further interpretation for 
the significance of the Ar-Ar ages. Based on zircon U-Pb 
dating results from Ondor Sum Group, Li et al. [20] asserted 
that meta-andesite from the Sangdalaiyin Formation could 
be formed at 470±2 Ma, and quartzite from the Haerhada 
Formation formed from 445 to 480 Ma. Actually, the meta- 
andesite sample was collected at a location very close to 
that of samples WD03-1/2 and WD04-2 in this study, and 
the meta-andesite might be meta-basalt with age similar to 
WD04-2 as there are no available geochemical data in their 
paper. Zircons in the quartzite should be detrital, only indi-
cating the lower age limit of sedimentation. Liu et al. [22]  
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reported the Late Ordovician adakite-like dacite aged 458 
Ma present in the Ondor Sum Group at Tulinkai, and in the 
same area, Jian et al. [21] obtained SHRIMP zircon ages of 
497–477 Ma from meta-gabbro and plagiogranite. However, 
as shown in Figure 1(c), these rocks are all located along the 
southern edge of the Ondor Sum Group and ought to be the 
materials from the Early Paleozoic magmatic arc.  
The present study shows that zircons from meta-basic 
volcanics in the Ondor Sum Group are derived from com-
plicated sources and yield a broad age range from late Ar-
chean to early Mesozoic. Most zircon grains have oscillato-
ry growth zoning, similar to the zircons from acidic intru-
sives. It is supposed that these zircons may be captured by 
basic magma from the country rocks during uplifting, and 
cannot represent the primary zircons in the basic rocks. 
Presumably, zircons with ages between 1600 and 2734 Ma 
may be from the North China Craton [34], and zircons with 
ages between 700 and 1000 Ma are probably associated 
with the Neoproterozoic magmatism in the east section of 
Central Asian Orogen [35]. The abundant zircons aging 
between 300 and 494 Ma should be originated from the ad-
jacent Paleozoic intermediate-acidic magmatic rocks of arc 
type [7,20–22], and zircons with younger ages from 246 to 
261 Ma originated from the neighbouring Permian granites 
[36,37]. Therefore, the protolith of the meta-basic volcanics 
in the Ondor Sum group can be well constrained to be 
formed from Late Permian to Early Triassic or latter. The 
meta-basic volcanics have similar geochemical characteris-
tics to E-MORB with an evolution toward OIB, which may 
represent a limited intracontinental ocean basin. This tec-
tonic setting is consistent with the presence of the large 
amount of zircons originated from continental rocks. Alt-
hough the study samples are all collected from the southern 
zone of the Ondor Sum Group, Chen et al. [19] obtained the 
same zircon age spectra from the blueschist in the northern 
zone, suggesting the Ondor Sum Group may have the simi-
lar age and tectonic setting in both the southern and north-
ern zones. 
Many studies suggest that the Paleo-Asian Ocean may 
have been closed in Devonian, a neritic sedimentary se-
quence developed in Carboniferous, and an extensional tec-
tonic environment was prevailed during the Early Permian 
in the study area. This extensional environment is supported 
by (i) a large amount of Early Permian alkaline rocks 
(290–270 Ma) distributed from Erenhot to East Ujimqin 
Banner [36,37]; (ii) numerous high potassium calc-alkaline 
and alkaline granites developing in the northern margin of 
North China Craton [38,39]; and (iii) bimodal volcanics 
present in the Early Permian Dashizhai Formation, which 
display a widely planar spatial distribution [40,41]. Due to 
the regional extension beginning in the Early Permian, a sea 
basin might be formed in the central Inner Mongolia in the 
Middle Permian, in which developed the neritic sedimentary 
sequence of the Zhesi Formation, and continuous extension 
might result in the formation of a limited ocean basin, in 
which developed the large amount of basic volcanics and 
ferruginous siliceous rocks, i.e. the Ondor Sum Group. The 
limited ocean basin was finally closed in Mesozoic, accom-
panied with a regional metamorphism locally with blue- 
schist appearance and granitic intrusions [42,43]. 
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